Promotion of plant growth with plant growth-promoting rhizobacteria (PGPR) is sometimes related to disease suppression and induction of general defense responses in plants inoculated with such bacteria. Induced disease suppression was observed after seed bacterization in a bean (Phaseolus vulgaris) challenged with Pseudomonas syringae pv, phaseolicola in greenhouse conditions, both in terms of symptom expression and bacterial viable counts in the leaves and in the intercellular washing fluids (IWF) from the leaves. Comparison of in vitro growth of the pathogenic strain in IWF from protected and unprotected plants suggested that the inhibitory activity against pathogen establishment lies partly in the IWF of bacterized plants 10 days after challenge inoculation. SDS-polyacrylamide gel electrophoresis revealed that the relative levels of proteins had increased in the leaf extracts of protected plants. A correlation was thus found between the reduction in symptom expression and a lower bacterial population in the leaves and a general rise in protein content in the IWF. Poor establishment of the test pathogen in the bean inoculated with PGPR strain Pseudomonas fluorescens, S97 may also involve accumulation of certain phenolic compounds. ALSTROM VOL. 41 rial origin (8, 17) can induce the host defense reactions against fungal or bacterial pathogens. The enhancement of the disease resistance level is thus proposed as one mechanism for how certain rhizosphere bacteria influence plants (16, 18) . Induced resistance is associated with increased synthesis of certain enzymes such as peroxidase (11) , increased levels of certain acid-soluble proteins (20) and accumulation of phytoalexins in the induced plant tissue (16) . Pseudomonas fluorescens strain S97 is a PGPR and an antagonist of both fungal and bacterial pathogens (1, 2) . It is known to produce various metabolites, one of which is a phytotoxin and identified as hydrogen cyanide (1, 3 ) . Seed bacterization with this strain was in an earlier study demonstrated to induce disease resistance in Phaseolus vulgaris against the pathogen, Pseudomonas syringae pv. phaseolicola strain 52 (2) . In this paper further results are presented on the ability of this strain to induce systemic resistance against the halo blight pathogen. Of further interest was an attempt to determine whether this protection is both against the expression of symptoms and the multiplication of the pathogen and whether S97-mediated resistance expression is due to its ability to affect plant metabolism.
MATERIALS AND METHODS
Bacterial strains, plant material and induction. The pathogenic strain Pseudomonas syringae pv. phaseolicola, N7 6ar (obtained from Prof. K. Rudolf, Inst. fur Pflanzenpathologie and Pflanzenschutz der Universitat, Gottingen, Germany) was used throughout the study. This strain was shown to be a more aggressive pathogen than the strain P. syringae pv. phaseolicola, 52 used earlier in our laboratory (2) . The strain N7 6ar was grown on King's medium B agar (9) from its lyophilized cultures and suspended in 0.01 M MgSO4 solution when used.
Pathogenicity of N7 6ar on the P. vulgaris cultivar Bonita was confirmed by infiltrating the pathogen suspension, 2>< 10' colony forming units (cfu)/ml as 6-7 mm diameter zones in the cotyledonary leaves of approximately ten-day-old young plants. Plants were observed for appearance of halo blight symptoms on the inoculated and the trifoliate leaves from one week after inoculation.
Attempts to reisolate the pathogen from the infected leaves were made by cutting out leaf discs of uniform size, 6 mm in diameter, and mashing them in 0.01 M MgSO4 solution. Suitable dilutions of each suspension were plated on diluted tryptic soy agar, TSA 10 (10 g tryptic soy broth and 15 g agar per liter, pH 7.2) and incubated at room temperature, i.e., 21±2°C. Colonies appearing after 48 h were counted to estimate the pathogen population as cfu/g fresh leaf tissue. Thirty randomly chosen colonies were purely cultured and infiltrated in tobacco leaves to assess their ability to induce a hypersensitive response (HR) identical to N7 6ar. Ten of these colonies were checked further for levan production on nutrient agar (Difco, Detroit, MI, U.S.A., nutrient broth 8 g/l supplemented with 15 g/l bacteriological agar) containing 5 % sucrose as well as their pathogenic ability on plants of the same cultivar, i.e., Bonita. The three characteristics of HR in
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Resistance by Rhizosphere Pseudomonad 317 tobacco, levan production and pathogenic reaction in beans demonstrated by N7 6ar were chosen in this study to facilitate quick detection of N7 6ar-like colonies reisolated from inoculated bean plants. Thirty bean seeds/pot were submerged for about one hour in each bacterial suspension (approximately X 108 cfu/ml), sown in nonsterile greenhouse soil and left for germination. The seed emergence rate and number of healthy plants including those with halo blight symptoms were registered as parameters of pathogenicity and the results compared with control pots treated with sterile 0.01 M MgSO4. Fluorescent PGPR strain S97 was cultured from lyophilized cultures and fresh suspensions were used to bacterize bean seeds (= induction) as described previously by Alstrom (2) . The bacterial suspension had a final concentration of approximately 1.5 X 108 cfu/ml. S97-bacterized seeds were sown (4 seeds/per pot) in greenhouse peat soil (described in Ref . 7)) and placed under a plastic cover for germination in a greenhouse with 25°C/22°C as day and night temperatures. Control bean seeds were treated with the sterile 0.01 M MgSO4 solution only, before they were potted in soil and also left for germination. The effect of treatments on seed emergence, if any, was registered and thereafter only one plant was left in each pot for challenge inoculation.
Challenge inoculation. A fresh suspension of N7 6ar in 0.01 M MgSO4 solution was used for all challenge experiments. The method of challenge inoculation was different in this study to the previously described procedure (2) . The cotyledonary leaves (before full expansion) on young bean plants were challenge inoculated through infiltration of the bacterial suspension (inoculum concentration 2 X 10' cfu/ml) into the abaxial surface of leaves using a high-pressure spray. Water-congested circles of the same size and number were thus obtained in each cotyledonary leaf. Temperature conditions in the greenhouse before challenge were maintained at 18-21°C as day and night temperature but the plant growth conditions after challenge inoculation were the same as described by Alstrom (2) .
The halo blight symptoms on the foliar parts of the plants treated with S97 were compared with controls which were infiltrated by 0.01 M MgSO4. The experiments were repeated at least three times using 8-10 pots per treatment. Evidence of an enhanced level of induced resistance against strain N7 6ar repeatedly expressed as a reduced number of plants with symptoms as well as delay in symptom development in S97-treated plants in the greenhouse led to continued investigations of pathogen multiplication and associated metabolic changes in bean leaves from bacterized and nonbacterized plants.
Pathogen population. To determine if S97-mediated induction is due to suppression of growth of the pathogenic bacterium, leaf discs of uniform size and number from target leaves of 5-6 plants per treatment were harvested aseptically. The discs were mashed in sterile 0.01 M MgSO4 with a high-speed mixer (Inter Med 25 Disp, 600W, 24,000 rpm; ILED, DK-4000, Roskilde, Denmark) and dilutions of these suspensions were plated on TSA 10.
Another approach was also attempted in which intercellular washing fluids ALSTROM VOL. 41
(IWF) from the freshly harvested target leaves was obtained by vacuum infiltrating the leaves with sterile 0.01 M MgSO4. Excess infiltration fluid was removed by blotting leaves with sterile filter paper tissue and IWF was extracted by centrifuging the leaves at 4,000 X g for 20 min. All efforts were made to ensure that the procedure of IWF recovery was performed under aseptic conditions. The transparent light yellow-coloured liquid thus collected was serially diluted and suitable dilutions were then spread on TSA 10 plates. Colonies appearing after 48 h and visually resembling those of the challenging strain were counted. The results are presented as number of viable cells/ml IWF or gram centrifuged leaf. For studies on metabolic changes in bacterized compared to that in nonbacterized plants, both IWF and the centrifuged leaves after IWF extraction were immediately stored in small ampulles at -70°C for later analysis.
Changes associated with induction. Possible factors affecting pathogen colonization in induced plants were studied by comparing the in vitro growth of strain N7 bar in the cell-free IWF collected from leaves both before and after the challenge inoculation. Differences in the bacterial counts between the two treatments were considered as an indirect indication of the presence of substance(s) which restricts or stimulates the growth of pathogenic bacteria. IWF obtained at different time intervals from leaves that received different treatments was filter-sterilized (0.20 ,um, Acrodisc, Gelman Sciences, Partille, Sweden) and inoculated aseptically with 100,al of a fresh suspension of the pathogenic strain (10' cfu/ml). The mixtures were incubated for 24 h at room temperature and the number of bacteria was estimated by dilution plate counting. Growth of the bacterium in IWF was compared to its growth in a similar quantity of standard nutrient broth (described in Ref. 7) ). All bacterial counts were made in triplicate.
Changes in populations of F. lachrymans in protected cucumber plants following challenge inoculation have been suggested to be due to a less favorable nutrient balance for the challenge organisms, or due to toxic inhibitors of bacterial growth in the leaves (5). The protein content and the phenolic content in IWF from bacterized and challenged plants were analyzed and compared with that in IWF from control plants to determine whether their synthesis had been altered.
Total protein content was estimated according to the method of Whitaker and Granum (19) . Separation of proteins present in the leaf fluids was achieved by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) after some modifications of the method of Laemmli (10) . IWF samples were dialyzed through careful mild shaking of samples in dialysis tube (Spectrum, Medical Industries, Inc., Houston, TE, U.S.A., mol. wt. cut off at 12,000-14,000 Da) placed in a dialyzer containing 10 mM Tris-HC1 buffer (pH 7.2) at 4°C. Dialyzed samples were then alkylated by adding l0~il of sample buffer+dithiothreitol (DTT) solution (25 x10.5 M DTT+ 500,11 sample buffer containing bromphenol blue) to 20,11 of each sample followed by heating of the mixture for 1-3 min at 100°C. Finally, 1.7,cil of 0.1 M iodine acetamide was added to this mixture. Two or ten microliters of the ten-fold diluted samples were applied per slot on gels composed of a 3 % acrylamide stacking gel and a 10 or 12.5% polyacrylamide separation gel. The gels were run at approximately 20-30 mA in an electrophoresis buffer containing 6 g Tris base, 28.8 g glycine and 1 g sodium laurylsulfate (pH 8.3) per liter. The gels were stained with silver nitrate according to the procedure of Blum et al. (4) .
To study the profile of low molecular weight phenolics in the IWF, highpressure liquid chromatography (HPLC) separation was performed with a Merck Hitachi LC System with a Nova Pak Rad Pak C18 cartridge. The separated components were detected at 280 nm using a diode array detector. The mobile phase (mixture by volume of 0.03 M aqueous sodium phosphate buffer, pH 2.8, and acetonitrile) consisted of a linear gradient from 5 to 30% acetonitrile for 40 min followed by a linear gradient to 70% acetonitrile for 5 min. The flow rate was 1.0 ml/min.
RESULTS

Bacterial reactions on beans
Bean inoculation with the pathogenic strain N7 6ar resulted in the appearance of halo blight symptoms in the inoculated cotyledonary leaves and subsequently in the first trifoliate leaves. Isolation of the bacteria from noninoculated parts of cotyledonary leaves of inoculated plants resulted in recovery of the pathogen at mean population densities of 7.4 X 108 cfu/g fresh leaf tissue of cotyledonary leaves 11 days after inoculation and 7.5 X 105 cfu/g fresh leaf tissue of first trifoliate leaves 26 days after pathogen inoculation. By contrast, no bacteria were isolated from control leaves.
Further, 26 of 30 randomly chosen reisolated colonies were shown to induce HR as necrotic spots in leaves of tobacco 24 h after infiltration. Reinoculation of 10 of these N7 6ar-like strains on bean seeds confirmed the detrimental effects of most of them with regard to seed emergence rate, plant growth and ability to induce typical symptoms in the leaves (Table 1) . N7 6ar is shown to induce HR in tobacco and produces levan on sucrose nutrient agar, and practically all ten N7 6ar-like colonies tested were also shown to induce HR in tobacco and to produce levan on sucrose nutrient agar.
Seed treatment with the rhizosphere strain S97 was shown to lower the rate of emergence (65 vs. 72% for controls) slightly but the growth of plants throughout the experimental period was apparently unaffected when compared to controls (data not shown). No pathological symptoms of any kind were registered in any of the bacterized or non bacterized but unchallenged plants.
Induced systemic resistance
Seed treatment with S97 was shown to induce resistance against N7 6ar both in terms of symptom development and recovery of bacterial cells from leaf tissue ( Table 2 ). The population density of bacterial cells apparently resembling N7 6ar from the first trifoliate leaf of nonbacterized control plants was found to range from 10' to 108 cfu/g fresh leaf tissue compared to a very low density of bacteria in leaves of bacterized plants. Appearance of bacteria isolated from leaves of bacterized plants in no way resembled the colonies of N7 6ar and the density was below detection level (<102 cfu/g fresh leaf tissue).
A significantly lower number of plants were initially observed to develop typical halo blight symptoms in bacterized plants two weeks after challenge inoculation than in the controls. Three weeks after challenge, symptoms had appeared in all plants but the number of plants with >50% leaf area covered by symptoms in nonbacterized plants was clearly higher than among bacterized plants (Table 2) .
Bacterial density measured in IWF extracted from the trifoliate leaves of challenged plants seems to be related to the appearance of symptoms in the same leaf. A lower density of bacterial population was recorded in the IWF extracted Table 1 . Levan production and hypersensitive response (HR) in tobacco induced by Pseudomonas syringae pv. phaseolicola, N7 6ar-like colonies reisolated from Phaseolus vulgaris cv. Bonita and their effects on emergence rate and disease appearance in plants of the same cultivar (n=30). Table   2 . Effect of seed bacterization with Pseudomonas fiuorescens, S97 and challenging cotyledonary leaf with P. syringae pv. phaseolicola on fresh leaf disc weight, disease appearance and bacterial population of first trifoliate leaves after challenge inoculation (n = 5). from the second trifoliate leaf of most bacterized plants three weeks after challenge than in IWF from nonbacterized plants ( Table 3) . The in vitro growth of N7 bar in IWF revealed that the pathogenic bacterium multiplied in IWF to reach a maximum population size of 6.8 X 109 cfu/ml and that the bacterial cell counts increased with the growth of plants irrespective of treatment. In comparison, the same strain multiplied in sterile standard nutrient broth to a population of 5>< 109-8 X 109 cfu/ml within 24 h. However, a lower population density of the pathogen could be measured in IWF from bacterized plants after challenge than from the nonbacterized plants, whereas before challenge, pathogen growth seemed to be stimulated by IWF from bacterized rather than from nonbacterized plants (Table 4) .
Metabolic changes associated with effects of bacteria
Analysis of IWF with HPLC indicated accumulation of certain compounds with retention times between 22.58-27.94 and at 50.32 in protected leaves. Similarly, a rough estimation of protein concentration by direct measurement of absorbance at 280 nm when compared with standard bovine albumin (Fraction V, United States Biochemical Corp., Cleveland, OH, U.S.A., A280 for 0.1% =0.5741) gave a significantly higher content value for IWF from the first trifoliate leaves 10 days after challenge of bacterized (2.12%) than of nonbacterized plants (0.9%). Based on combined data after comparison of lanes in the gels using a gelanalysis program (Gelanalys V 1.0, Parameter AB, Stockholm, Sweden) there was a comparatively higher value in general for the arbitrary units for most of the identifiable protein bands which appeared on polyacrylamide gel from IWF of protected plants than Table   3 . Bacterial population of Pseudomonas syringae pv. phaseolicola, N7 6ar measured in intercellular washing fluids (IWF) from second trifoliate leaves of Phaseolus vulgaris cv. Bonita 3 weeks after challenge inoculation (n =5). Table 5 . Protein content interpreted as arbitrary units (using Gelanalys V1.0, Parameter AB) upon SDS-PAGE analysis of IWF from bean plants induced with (S97) or without (0.01 M MgSO4) Pseudomonas fluorescens and challenge inoculated with P. syringae pv. ohaseolicola in comparison to healthy controls (untreated) (n = 2l. from unprotected plants. A similar tendency untreated (= healthy) controls (Table 5) .
was also noticeable in IWF from DISCUSSION The bacterization of seeds by a fluorescent PGPR, S97, which previously was shown to protect beans against P. syringae pv. phaseolicola, strain 52 (2), can also induce resistance against another strain, N7 6ar, of the same pathogen. However, protection against strain N7 6ar, measured here as symptom expression, was not as efficient as against strain 52. The results also indicate that the induced resistance following S97 treatment tends to be due to general metabolic reactions of the bean plants against the challenge bacterium. Mehiar et al. (15) used a saprophytic strain, P. f luorescens, to induce resistance in tobacco against its pathogen P. tabaci and found that at least two kinds of inducers in the bacterial cell are involved and that acquired resistance phenomenon induced by bacteria is not a unique reaction of the plants. To what extent their strain is a PGPR is not evident from their work, but it appears as if the general resistance level of plants can be enhanced after exogenous application of certain saprophytic bacteria. Further work on fractionation of bacterial cells of S97 and their involvement in disease protection is necessary to elucidate whether the inducing activity lies in the cell wall or the cell content.
Induced
Resistance by Rhizosphere Pseudomonad 323
PGPR application has earlier been studied to induce protection against fungal and viral pathogens (6, 14, 16, 18) . Our work is an attempt to test PGPR as seed treatment to induce resistance against a foliar bacterial pathogen. Because we used a different pathogenic strain, N7 6ar, to infect the bean cultivar Bonita used in this study, it was necessary to evaluate its efficiency as a pathogen. Pathogenicity tests showed that it was pathogenic to Bonita both in terms of halo blight symptoms and pathogen population density after recovery from foliar plant parts and further testing the recovered isolates for HR in tobacco leaves. These results were important for further studies to determine if the induction of disease resistance is both against symptom expression and against colonization and multiplication of the pathogenic bacterium.
Recovery of a lower population of bacteria in the protected leaves obtained from S97-treated and -challenged plants than in unprotected leaves from the controls at the sampling time (Tables 2 and 3) suggest that S97-mediated induction of resistance against symptom expression is positively correlated with the establishment and/or development of the pathogen population in the plant. Our observations are in line with those reported by Caruso and Kuc' (5) who studied protection by P. lachrymans against the same pathogen in cucumber and in which they also found that both symptoms of disease and pathogen population are suppressed by acquired resistance. The lower population of the pathogen measured in the protected plants is probably be due to many reasons, including insufficient nutrient balance for the challenging organism and/or the presence of inhibitors of bacterial growth (5) .
While investigating the mechanims behind the ability of P. f l uorescens strain CHAO to suppress black root rot of tobacco caused by Thielaviopsis basicola, Defago et al. (6) suggested that their strain, which is a HCN-producer, may produce a stress effect in the plants leading to cyanide-resistant respiration and possible alteration of tobacco resulting in enhanced defense reactions. Earlier work with the inducer strain S97 demonstrated a broad-spectrum fungal and bacterial antagonism in vitro and production of high amounts of HCN in vitro, but apparently not in association with living bean roots (1) (2) (3) . This is in contrast to observations made for a plant growth-inhibitory P, fluorescens strain which is cyanogenic both in vitro and in association with living roots (3) . Further studies with cyanide-negative mutants of S97 will be required to test whether the cyanogenic ability of S97 is associated with its ability to protect beans against P. syringae pv. phaseolicola.
No attempt was made in this study to tag S97 to detect it in stems or leaves of bean plants. However, most of the bacterial colonies isolated from bacterized and challenged plants in all experiments appeared visually similar to N7 6ar in vitro cultures. Besides, no or very low bacterial counts were registered in preliminary observations with leaf discs obtained from bacterized but nonchallenged plants (data not shown). Therefore, very low bacterial counts combined with entirely different appearance of the colonies on the same nutrient agar (TSA) was considered as an indication that S97 had not colonized the foliar plant parts. Upon bacterization of pea seeds with rifampicin-labeled cells of S97 in a similar study in our laboratory, the bacterium was not detected in the above-ground plant parts (data not shown), which also indicates that the bacterium is confined to the roots.
Studies on bacterial growth-influencing activity of IWF extracted before and after challenge on the pathogen indicate the presence of inhibitory substances in the foliar plant parts only after the plants have been challenged. This may be one reason why induced resistance is usually detected by challenge inoculation at a later time than the pretreatment.
While testing the hypothesis that PGPR strains activate plant defense mechanisms, van Peer et al. (16) found increased amounts of phytoalexins in WCS417r-inoculated plants than in nonbacterized plants after challenge inoculation. The level of phytoalexins was not estimated in our study; nevertheless, a lower level of bacterial counts in the S97-treated plants after challenge inoculation may partly be due to this factor.
The resistance reaction in host plants also involves the intercellular fluid and is associated with a bacterially induced rise in the protein content and a change in protein composition (12) . Zdor and Anderson (20) found that some rootcolonizing Pseudomonas strains induced the mRNA of the PR protein 1 a in bean leaves but whether this metabolic change is associated with a reduction in leaf diseases is not yet known. In this study induction of disease resistance in bacterized and challenged bean leaves seems to lie partly in the IWF, which is in accordance with work by Lehmann and Rudolph (12) . A bacterially induced significant increase in protein content occurred on day 10 in IWF extracts from induced leaves and a change in protein composition of most detectable proteins was observed. Further, a rise in contents of certain low molecular weight proteins in IWF of protected plants tended to reach the same level as observed in IWF of healthy controls. More work is, however, required to test the hypothesis that the inhibitory activity against establishment and/or growth of the challenging organism is located in the intercellular fluids of protected leaves.
Induction of disease resistance after pretreatment with an inducer and challenge inoculation with a pathogen is most likely the result of multiple defense responses induced in plants. Analysis of bean IWF with HPLC for other compounds, possibly phenolics, is an indication in this direction. More work is in progress to obtain increasing evidence in support of this observation, to identify these compounds and to investigate their inhibitory activity against establishment of the bacterial pathogen. 
